We demonstrate an up-conversion single-photon detection at 1.064-m band using a PPLN waveguide. By employing two kinds of filtering schemes, we achieve the detection efficiency of 32.5% and 38% with noise count rate of 45 cps and 700 cps respectively.
Introduction
1.064-m band is useful in a wide range of applications, such as lidar [1] , deep space optical communication [2] and biomedical spectroscopy [3] , because the corresponding commercial lasers have many advantages including high power, well-developed technology and compact configuration. The above applications usually need sensitive receivers since the back-scattered light is extremely weak. Therefore, single-photon detectors (SPDs) operating at 1.064-m band are much in demand.
However, the 1.064-m band is an awkward detection band because it is at the low-response regime of both silicon and InGaAs/InP avalanche photodiodes (APDs). The superconducting SPD which has impressive performance is of great potential, but the need of cryogenic cooling may limit its wide use. Alternatively, upconversion SPD is a promising technique to extend the detection range of well-developed silicon APD to nearinfrared band. In literature, an up-conversion system at 1.06-m band was demonstrated with a noise count rate (NCR) of 150 counts per second (cps) at the expense of detection efficiency (DE) [4] by using bulk crystal periodically poled lithium niobate (PPLN) device and 1.55-m pulse pump.
In our current work, we use PPLN waveguide devices for up-conversion SPD in the 1.064-m band. By employing two kinds of filtering schemes, we achieve the DE of 32.5% and 38% with the NCR of 45 cps and 700 cps respectively.
Waveguide characterization and experimental setup
We fabricate reverse-proton-exchanged (RPE) PPLN waveguides [5] for sum-frequency generation (SFG) of 1.55-m pump and 1.064-m signal. The length of the waveguides is 52 mm and the length of the quasi-phase-matching gratings with a period of 10.2 m is 48 mm. After fiber pigtailing for the input port, the total waveguide losses of the signal and the pump wavelengths are 1.9 dB and 3 dB, respectively.
A schematic diagram of our experimental setup is shown in Fig. 1 . A continuous-wave (CW), tunable external cavity diode laser (ECDL) and an erbium-doped fiber amplifier (EDFA) are utilized as the pump source. The 1.064-m signal is provided by a single-frequency CW laser together with two variable optical attenuators. As RPE waveguides support only TM-polarized modes, polarization controllers are used to adjust the polarization of both the signal and the pump beams. The single photon source is combined with the pump in a 1.064-m/1.55-m WDM whose output is connected to the fiber-pigtailed PPLN waveguide. The working temperature of the waveguide is kept at 38 by a thermoelectric cooling (TEC) system to maintain the phase-matching condition. The up-converted photons and the remnant pump are collected by an anti-reflection (AR) coated aspheric lens (AL), and then the remnant pump is removed by a dichroic mirror (DM).
The VBG-filtering scheme is shown in Fig. 1(b) . A VBG with 0.05-nm bandwidth in the 631-nm band can dramatically reduce the SRS noise and parasitic noises. A 631-nm band-pass filter (BPF) with 2.4-nm bandwidth is employed to block the second and third harmonic generation of the pump and further suppress the parasitic noises. Then, the SFG photons are collected by an AR-coated AL. VBG-based up-conversion SPD has high performance while it may not be practical in field because VBG has critical position and angular tolerances, raising stability issues. The BPFs-filtering scheme is shown in Fig. 1(c) . Four 631-nm BPFs are used to filter the noise photons generated by the strong pump. Then, a 631-nm collimator and a piece of multimode fiber are used to collect the SFG photons. By optimizing the filtering system in this scheme with a special coating design, BPFs-based up-conversion SPD can form a robust all-fiber system and is easy to integrate.
Finally, the up-converted photons are detected by a silicon APD, which has a DE of approximately 70% at 631 nm and an intrinsic noise count rate of 20 cps.
Up-conversion single-photon detection performance
Curves of DE and NCR versus pump power for the two different filtering schemes are shown in Fig. 2 . VBG has a filtering bandwidth much narrower than that of BPFs, therefore the VBG-based up-conversion SPD has an ultra-low NCR of 45 cps for the maximum DE of 32.5%. The BPFs-filtering scheme allows a higher DE at the cost of a higher NCR. The BPFs-filtering scheme has a maximum DE of 38% with a NCR of 700 cps. The filtering system in this scheme can be integrated as a fiber filter and make the overall system more stable and practical in field.
In conclusion, we have demonstrated an up-conversion detector for the 1.064-m band using RPE PPLN waveguide. Two kinds of filtering schemes are investigated, achieving either ultra-low noise and adequately high DE for high-standard experimental demand or high DE with adequately low NCR for field use. It is conceivable that our up-conversion SPD at 1.064-m has potential applications in many fields, such as single photon imaging, atmospheric research, and medical devices.
